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Scheme 1. Synthesis of Stereodefined N,0-Acetal and

ABSTRACT: We developed a conceptually new synthetic Application
strategy which exploits the stereochemical information of « «
labile acyclic N,O-acetals. The key to this strategy, chemo- 3 . RONH = N !
and steZoselective synthesis of ZZLO-acetals, wagsy achieved Rt PY K * f/ palent-t R\Q\Q
by the Pd-catalyzed addition of sulfonyl-protected \K\\OR' N X
homopropargylic amines to alkoxyallene. The N,O-acetals Bt A B2
generated in this way were combined with Au-catalyzed lA”* lA“*
cycloisomerization to give an access to 2,6-disubstituted X X
piperidines with stereochemical flexibility. R Nofoy R\‘i“j/%
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ixed acetals are recognized as key intermediates for

many synthetically useful organic transformations. In
particular, acyclic N,O-acetals have been conceived as a
precursor for the iminium ion mediated C—C bond formation."
In most studies reported in this area, the stereochemical
information of the N,O-acetal has attracted little attention from
the synthetic chemists,” presumably due to the instability of the
N,O-acetals.® Because of this inherent problems, the reactions
that directly utilize the stereochemistry of N,O-acetals are rare.*
Unlike the conventional approach described above, we
hypothesized that the stereochemically well-defined acyclic
N,O-acetals could provide unique opportunities in developing
new C—C bond formation. This unprecedented strategy
requires solutions to two challenging problems. First, the
stereocontrolled synthesis of acyclic N,O-acetals is very
limited.” Moreover, the utility of the stereodefined N,O-acetals
needs to be verified. Because the configuration of the N,O-
acetal carbon must be retained in these transformations, a
critical issue in this new approach is the chemoselectivity of the
reactions that allows the stereocontrol both in the synthesis and
further utilization of the N,O-acetals.

Scheme 1 depicts the first example that successfully
demonstrates the concept discussed above. We first envisioned
the synthesis of stereochemically well-defined N,O-acetals B via
Pd-catalyzed intermolecular addition of chiral homopropargylic
amine A to alkoxyallene. Numerous examples have been

reported for the metal-catalyzed addition of amine nucleophiles ) O
to unsaturated C—C bonds.”” However, the proposed reaction protected substrate 1 with methoxyallene (3 equiv) in the

is particularly challenging because of the instability of the N,O- presence of Pd(OAc), (5 mol %), chiral ligand (R,R)-3 (10 mol

acetals. We also reasoned that the stereodefined N,O-acetals %), and triethylamine (1.5 equiv) showed poor selectivity, even
though the yield was satisfactory (entry 1). The use of additives

this event would introduce the substituents at the 2- and 6-
positions of the piperidine framework in a stereochemically
flexible manner. Because this structures is easily found in
numerous natural products,11 the proposed strategy should
have a unique advantage in the synthesis of bioactive natural
products and analogues.

For the synthesis of stereodefined N,O-acetals shown in
Scheme 1, the ligand-directed selectivity must override the
inherent chiral information of the substrate. Thus, various
achiral ligands were first explored using tosyl- or nosyl-
protected chiral homopropargylic amines (substrates 1 and 2)
and methoxyallene.'” Indeed, all attempts in varying the
reaction conditions gave an ~1:1 mixture of diastereomeric 4a
and 4b. Having confirmed that the stereogenic center in the
substrate had no effect on the diastereoselectivity, we switched
to the chiral ligand-directed approach using the ligand (RR)-3
as the source of the stereoinduction (Table 1). This is
undoubtedly a challenging task, because the intermolecular
(ligand-directed) asymmetric hydroamination of allenes still
remains unknown, to our best knowledge."® Even though Pd-
catalyzed asymmetric hydrocarbonation of benzoxyallene has
been reported,'*'* we were concerned that the thermodynamic
and kinetic behavior of the hydroamination might be more
complicated than the hydrocarbonation. Indeed, our initial
efforts were met only with unfruitful results. Reaction of Ns-

can be combined with the Au-catalyzed racemization-free
. . . 8 . .
cycloisomerization® to give C, where the stereochemical
information of N,O-acetal is transferred to the iminium ion Received: December 13, 2011
mediated C—C bond formation.”'® From a synthetic viewpoint, Published: February 14, 2012
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Table 1. Optimization of the Pd(0)-Catalyzed
Hydroamination Reaction®”

Pr. ‘ ' ; n-Pr.
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1: X=Ns 4a.R-CH;, 4b:R = CH;
2X=Ts 5a: R = n-CgHyq4 5b: R = n-CgHy4
6b: R = ¢-CgHyy 6b: R = c-CgH,
J/\OR
NH HN X.N ™S
P /I\/ D
{‘R R)-s e
Entry X R Rxn time (h) Product Yield® (a:b)d
1 Ns CH;(3) 20 4 83 (1.3:1)
2° Ns CH;(3) 20 4 87 (1.5:1)
3 Ts CH5(3) 20 4 12 (1.9:1)
4 Ts CH5(30) 40 4 95 (6.2:1)
5 Ts CHx(70) 20 4 92(10:1)
6 Ts  n-CsH;((70) 13 5 98 (24:1)
7 Ns n-CsH(70) 20 5 98 (4:1)
88 Ts  n-CsH,((70) 13 5 99 (1:24)
9 Ts ¢-CgH1(70) 13 6 99 (25:1)
102 Ts c-CeH1(70) 13 6 99 (1:25)

“Typical procedure: a mixture of substrate, alkoxyallene, Pd(OAc), (S
mol %), (RR)-3 (10 mol %), and Et;N (1.5 equiv) was reacted in
CH,Cl, at rt. "For more detailed information on the optimization, see
the Supporting Information. “Isolated yield. 9Determined by the
integration of 'H NMR data. “TBAB (4 mol %) was used as an
additive. Starting material was recovered in 87% yield. £Ligand (S,S)-3
was used.

such as TBAB (tetra-n-butylammonium bromide)'® and
trifluoroacetic acid,'* which are known to facilitate asymmetric
allylic substitution, little improved the selectivity (entry 2). In
view of this disappointing preliminary result, we surmised that
the labile N,O-acetal product could be destroyed with
concomitant formation of the z-allyl intermediate under the
reaction conditions. Apparently, this undesired process that can
potentially lower the diastereoselectivity will be facilitated by
good leaving groups.

Based upon this analysis, we switched to homopropargylic
amine 2 possessing the more basic p-toluenesulfonyl (Tosyl)
group. In this case, however, the conversion was poor even
though the selectivity slightly improved (entry 3). Quite
interestingly, a significant increase in both yield and selectivity
arose when excess methoxyallene was employed. For example,
using 30 equiv of methoxyallene gave the desired N,O-acetal 4
in 95% yield with 6.2:1 selectivity (entry 4). Further increasing
the amount of methoxyallene to 70 equiv improved the
selectivity to ~10:1 with no negative effect on the yield (entry
S). At this point, we reasoned that the nature of the alkoxy
group might also be important, because the alkoxy group is in
close proximity to the attacking sulfonamide nucleophiles.
Indeed, using 70 equiv of n-pentoxyallene gave Sa in near-
quantitative 98% yield with ~24:1 selectivity (entry 6). It
should be noted that the excess amount of pentoxyallene (>60
equiv) could be easily recovered after the reaction by
distillation or column chromatography. Unlike the Ts-protected
propargylic amine 2, Ns-protected amine 1 still showed low
selectivity even in the presence of excess alkoxyallene,
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emphasizing again the significance of the nature of the amine
protective group (entry 7). Using the enantiomeric chiral ligand
(85)-3 gave the diastereomeric N,O-acetal Sb as the exclusive
isomer (entry 8) with no decrease in the yield and
diastereomeric ratio, supporting our hypothesis that the chiral
ligand-derived stereoinduction dominates over the pre-existing
stereochemical information of the substrate. Employing bulkier
cyclohexyloxyallene still maintained the stereoselectivity to
produce 6 (entries 9, 10). Thus, the hydroamination tolerates
the steric hindrance of the alkoxyallene. Notably, the linear
isomer D, which is generated from the attack of the
sulfonamide nucleophile to the terminal carbon of the
alkoxyallene, could not be detected under the reaction
conditions.

Using the optimized conditions in Table 1, an array of tosyl-
protected homopropargylic amines were coupled with n-
pentoxyallene to produce the corresponding N,O-acetals
(Table 2). Introducing the bulkier isopropyl group at the
homopropargylic position maintained high yield and the
diastereoselectivity (entry 1), while using the smaller methyl
group somewhat decreased the selectivity (entry 2). In
addition, diverse functional groups such as phenyl (entry 3),

Table 2. Scope of the Pd(0)-Catalyzed N,0-Acetal
Formation®

Method® Yield(% )¢
(a:b)?

Entry Substrate Product

Ts
Ria,Noyy
Q&
=
Ry

w/\

OR3
1 7 (Ri=i-Pr; R.==TMS) 12(R=CsHu) A 99(21:1)
B 95(>1:25)
2 8 (Ri=CHs; Re= TMS) 13(R=CsHn) A 99(19:1)
B 98(1:16)
3 9 (Ri=Ph; R:=H) 14 (Rs=CsHn) A 96(25:1)
B 95(1:21)
4 10 (Ri= (CH2)sOBn; 15 (Rs=CsHn) A 99(>25:1)
Ro=H) B 99(>1:25)
5 11 (Ri=CH:Ph 16 (Rs=CsHi) A 96(>25:1)
Re= TMS) B 99(>1:25)
6 11 (Ri=CH:Ph 17 (Rs=CHs) A 99(14:1)
Ra= TMS) B 99(1:13)
Ry, ;\TISH Ris, N(S)
ORs OR,
< EE
7 ent-11 (Ri=CH,Ph 18(R~,:CH3) A 95(13:1)

Ro=TMS)

“Typical procedure: a mixture of substrate, alkoxyallene (70 equiv),
Pd(OAc), (5 mol %), ligand (10 mol %), and Et;N (1.5 equiv) was
reacted in CH,ClL,. *Method A: Ligand (R,R)- 3 was used. Method B:
Ligand (S,5)-3 was used. “Isolated yield. “Determined by the
integration of 'H NMR.
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benzylic ether (entry 4), and benzyl group (entries S, 6) did not
interfere with the reaction. Notably, terminal alkynes showed
little effect on the rate and selectivity, as illustrated by the
reaction of substrates 9 and 10. To ensure again that the
stereoselectivity in the hydroamination is solely determined by
the chirality of the ligand, we investigated the substrate ent-11
for the hydroamination reaction. The reaction with methox-
yallene under the optimized conditions using the (R,R)-3 ligand
gave the N,O-acetal 18a in comparable yield with a somewhat
lower 13:1 selectivity (entry 7). Gratifyingly, the absolute
structure of 18a could be unambiguously established by X-ray
crystallographic analysis, as depicted in Table 2 (for detailed
data, see the Supporting Information (SI)). Moreover, the 'H
NMR spectrum of the 18a was clearly distinguishable from
diastereomeric N,O-acetal 17a and identical to the enantiomeric
17b generated from substrate 11 (entry 6 vs 7). This analysis
rigorously confirms the structural assignment of the various
N,O-acetals generated in Table 1 derived from the chiral ligand-
directed hydroamination reaction.

Based upon the above experimental results, a plausible
mechanism of the Pd-catalyzed stereoselective hydroamination
reaction can be suggested (Scheme 2). As it is consistent with

Scheme 2. Mechanism of the Hydroamination
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other reports on the Pd-catalyzed hydrocarbonation of
allene,' !> m-allyl species E seems to be involved as the
reactive intermediate. Addition of the anion of the sulfonamide
to this intermediate then forms the product N,O-acetal with
regeneration of the Pd catalyst. The #-allyl formation may be
promoted by the hydropalladation of the alkoxyallene, as shown
in Scheme 2. Alternatively, the oxidative addition of Pd into the
N—H bond of sulfonamide could initiate the 7-allyl formation.
Currently, the exact mechanism for the stereoselectivity is
unclear and awaits further studies. Nevertheless, the exper-
imental fact that the (S)-configuration arises at the N,O-acetal
by using ligand (RR)-3 fits reasonably well into the general
model developed for the asymmetric allylic substitution
reaction directed by this type of ligand.m'17 Thus, the formation
of stereodefined N,O-acetal could be reasonably explained by
the outer-sphere addition of the amine nucleophile to the syn
isomer of the z-allyl intermediate (E).'®

According to the generally accepted mechanism for the
enantioselective intermolecular allylic substitution reaction,
slow nucleophilic addition to the s-allyl complex generally
increases the enantioselectivity of the reaction. The exper-
imental result in this study that the Ts-protected substrates
show higher selectivity than the Ns-protected analogs is
apparently inconsistent with this general pattern. This
seemingly unusual behavior of the sulfonamide nucleophile 1
vs 2 may address the importance of suppressing the z-allyl
formation from the N,O-acetal product in achieving high ligand-
controlled stereoselectivity. Currently, the origin of the
beneficial effect of excess alkoxyallene is unclear. On the basis

4013

of the above discussion, it might simply suppress the undesired
decomposition of the product N,O-acetal shown in Scheme 2.

Having established the access to stereodefined N,O-acetals,
we then explored the flexible 2,6-disubstituted piperidine
formation. As shown in Scheme 3, employing commercially

Scheme 3. Gold-Catalyzed Cycloisomerization
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available cationic gold complex 19 (3 mol %) and 2,6-di-tert-
butylpyridine (0.6 mol %) gave various enol ethers in good to
excellent yields. Remarkably, the products were obtained with
excellent stereochemical transfer from the corresponding N,O-
acetals in all cases. For structural analysis, compound 24a was
converted into cis-piperidin-4-one 2S5a by treatment with
catalytic aqueous HCI" in 91% yield with no erosion of the
stereochemical integrity. Also, diastereomeric N,O-acetal 24b
was successfully converted into trans-piperidin-4-one 25b in
9;"2/2) Zlield with complete retention of the stereochemistry (eq
1)

Based upon our report on the Au-catalyzed formal alkyne
aza-Prins reaction,® the mechanism of the cycloisomerization
seems to involve formation of the iminium ions F and F’ as the
reactive intermediate (Scheme 3). The stereochemical transfer
in the cycloisomerization strongly suggests the conservation of
the iminium ion geometry during the cycloisomerization. This
is quite surprising because the (E)/(Z) isomerization of the
iminium ions is known to be a fast process.2 Thus, this work
represents a rare example where the geometry of the iminium
ion is successfully controlled. It should be also noted that the
cationic Au(I) species were uniquely beneficial for the desired
cycloisomerization. Using other (oxophilic) metal catalysts
showed epimerization of the N,O-acetals and formation of the
linear isomer of the N,O-acetals (analogous to D, Table 1).

In summary, we developed a new Pd-catalyzed synthesis of
stereodefined N,O-acetals. Moreover, we established the utility
of N,O-acetals by chemoselective Au-catalyzed cycloisomeriza-
tion. Mechanistic investigation as well as expansion of the utility
of stereodefined N,O-acetals in flexible azacycle synthesis is
currently in progress.

B ASSOCIATED CONTENT

© Supporting Information
Experimental details. This material is available free of charge via
the Internet at http://pubs.acs.org.

dx.doi.org/10.1021/ja2116298 | J. Am. Chem. Soc. 2012, 134, 4011-4014


http://pubs.acs.org

Journal of the American Chemical Society

Communication

B AUTHOR INFORMATION

Corresponding Author
yhrhee@postech.ackr

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Ms. Ji Hyung Lee and Mr. Cheoljae Kim for
their contributions to synthesis of 2 and 10. This work was
supported by the National Research Foundation funded by the
Korean government (NRF-2009-0073749, NRF-2007-0052533,
and NRF-2010-0009458).

B REFERENCES

(1) For a review on the use of N,O-acetals, see: Warriner, S. Category
4: Compounds with Two Carbon-Heteroatom Bonds in Science of
Synthesis: Houben-Weyl Methods of Molecular Transformations; Georg
Thieme Verlag: Stuttguart; 2007; Vol 30, p 7.

(2) (a) Kamatani, A,; Overman, L. E. Org. Lett. 2001, 3, 1229.
(b) Tjen, K. C. M. F; Kinderman, S. S.; Schoemaker, H. E.; Hiemstra,
H.; Rutjes, F. P. J. T. Chem. Commun. 2000, 699. (c) Kinderman, S. S.;
Wekking, M. M. T.; van Maarseveen, J. H.; Schoemaker, H. E;
Hiemstra, H,; Rutjes, F. P. J. T. J. Org. Chem. 200S, 70, SSI9.
(d) Harding, K. E.,; Todd Coleman, M.; Liu, L. T. Tetrahedron Lett.
1991, 32, 379S.

(3) (a) Yamamoto, Y.; Nakada, T.; Nemoto, H. J. Am. Chem. Soc.
1992, 114, 121. (b) Roos, E. C.; Mooiweer, H. H.; Hiemstra, H,;
Speckamp, W. N.; Kaptein, B.; Boesten, W. H. J.; Kamphuis, J. J. Org.
Chem. 1992, 57, 6769.

(4) For a chiral auxiliary-assisted method for the utilization of N,O-
acetals, see: Shin, D.-Y,; Jung, J.-K;; Seo, S.-Y.; Lee, Y.-S.; Paek, S.-M,;
Chung, Y. K; Shin, D. M.; Suh, Y.-G. Org. Lett. 2003, S, 363S.

(5) For an organocatalyst-assisted synthesis of stereodefined N,O-
acetals, see: Li, G.; Fronczek, F. R; Antilla, J. C. J. Am. Chem. Soc.
2008, 130, 12216.

(6) For selected examples of metal-catalyzed intermolecular hydro-
amination of allenes, see: (a) Kinder, R. E.; Zhang, Z.; Widenhoefer, R.
A. Org. Lett. 2008, 10, 3157. (b) Wang, Z. J.; Benitez, D.; Tkatchouk,
E.; Goddard, W. A,; Toste, F. D. J. Am. Chem. Soc. 2010, 132, 13064.
(c) Zhang, Z.; Bender, C. F.; Widenhoefer, R. A. J. Am. Chem. Soc.
2007, 129, 14148. (d) Desarbre, E.; Mérour, J.-Y. Tetrahedron Lett.
1996, 37, 43. (e) Donohoe, T. J,; Orr, A. J.; Gosby, K; Bingham, M.
Eur. J. Org. Chem. 2008, 2005, 1969. (f) Donohoe, T. J.; Kershaw, N.
M,; Orr, A. J.; Wheelhouse, K. M. P.; Fishlock, Lisa, P.; Lacy, A. R;
Bingham, M.; Procopiou, P. A. Tetrahedron 2008, 64, 809.

(7) For other selected examples of metal-catalyzed hydroamination,
see: (a) Stubbert, B. D.; Marks, T. J. J. Am. Chem. Soc. 2007, 129, 6149.
(b) Ackermann, L.; Bergman, R. G.; Loy, R. N. J. Am. Chem. Soc. 2003,
125, 11956. (c) Liu, Z.; Yamamichi, H.; Madrahimov, S. T.; Hartwig, J.
F. J. Am. Chem. Soc. 2011, 133, 2772. (d) Grigg, R.; Sridharan, V.; Xu,
L.-H. J. Chem. Soc,, Chem. Commun. 1995, 1903. Also see ref 2b and
2c.

(8) Kim, C.; Bae, H. J.; Lee, J. H.; Jeong, W.; Kim, H.; Sampath, V.;
Rhee, Y. H. J. Am. Chem. Soc. 2009, 131, 14660.

(9) For selected reviews on the Au-catalyzed reactions, see:
(a) Hashmi, A. S. K. Chem. Rev. 2007, 107, 3180. (b) Corma, A,;
Leyva-Pérez, A.; Sabater, M. J. Chem. Rev. 2011, 111, 1657.
(c) Furstner, A. Chem. Soc. Rev. 2009, 38, 3208. (d) Gorin, D. J,;
Sherry, B. D.; Toste, F. D. Chem. Rev. 2008, 108, 3351.

(10) For other examples describing the chirality transfer in the C—C
bond formation, see: (a) Dubé, P.; Toste, F. D. J. Am. Chem. Soc. 2006,
128, 12062. (b) Shi, X; Gorin, D. J.; Toste, F. D. J. Am. Chem. Soc.
20085, 127, 5802. (c) Nakamura, L; Sato, T.; Terada, M.; Yamamoto, Y.
Org. Lett. 2008, 10, 2649. (d) Aponick, A.; Biannic, B. Org. Lett. 2011,
13, 1330. (e) Faza, O. N.; Lépez, C. S.; de Lera, A. R. J. Org. Chem.
2011, 76, 3791.

(11) Ying, Y,; Kim, H.; Hong, J. Org. Lett. 2011, 13, 796.

4014

(12) For nonstereoselective synthesis of N,O-acetals by the
hydroamination of alkoxyallene, see: (a) Kinderman, S. S.; de
Gelder, R.; van Maarseveen, J. H; Schoemaker, H. E.; Hiemstra, H.;
Rutjes, F. P. J. T. J. Am. Chem. Soc. 2004, 126, 4100. (b) Kinderman, S.
S.; Doodeman, R; van Beijma, J. W.; Russcher, J. C.; Tjen, K. C. M. F,;
Kooistra, T. M.; Mohaselzadeh, H.; van Maarseveen, J. H.; Hiemstra,
H.; Schoemaker, H. E.; Rutjes, F. P. J. T. Adv. Synth. Catal. 2002, 344,
736. Also see ref 6e and 6f.

(13) For selected examples on the intramolecular asymmetric
hydroamination of allenes, see: (a) LaLonde, R. L; Wang, Z. J;
Mba, M,; Lackner, A. D.; Toste, F. D. Angew. Chem., Int. Ed. 2010, 49,
59. (b) LaLonde, R. L.; Sherry, B. D.; Kang, E. J.; Toste, F. D. J. Am.
Chem. Soc. 2007, 129, 2452.

(14) (a) Trost, B. M,; Xie, J.; Sieber, J. D. J. Am. Chem. Soc. 2011,
133, 20611. (b) Trost, B. M.; Simas, A. B. C.; Plietker, B.; Jakel, C.;
Xie, J. Chem.—Eur. ]. 2008, 11, 7075.

(15) For an early example of the Pd-catalyzed hydrocarbonation of
allenes, see: Kamijo, S.; Yamamoto, Y. Tetrahedron Lett. 1999, 40,
1747.

(16) For reviews on the Pd-catalyzed asymmetric allylic alkylation,
see: (a) Trost, B. M; Zhang, T.; Sieber, J. D. Chem. Sci. 2010, 1, 427.
(b) Trost, B. M,; Fandrick, D. R. Aldrichimica Acta 2007, 40, 59.
(c) Trost, B. M.; Machacek, M. R.; Aponick, A. Acc. Chem. Res. 2006,
39, 747. (d) Pfaltz, A,; Lautens, M. In Comprehensive Asymmetric
Catalysis; Jacobsen, E. N; Pfaltz, A,; Yamamoto, H., Eds.; Springer:
New York, 1999; Vol. 2, p 833.

(17) For some recent examples of Pd-catalyzed asymmetric alkylation
involving 7 -allyl species as the key intermediate, see: (a) Behenna, D.
C.; Mohr, J. T.; Sherden, N. H.; Marinescu, S. C.; Harned, A. M,; Tani,
K; Seto, M,; Ma, S.; Novak, Z.; Krout, M. R;; McFadden, R. M,;
Roizen, J. L.; Enquist, J. A.; White, D. E; Levine, S. R.; Petrova, K. V,;
Iwashita, A.; Virgil, S. C; Stoltz, B. M. Chem.—Eur. J. 2011, 17, 14199.
(b) Chen, J.-P,; Ding, C.-H.; Liu, W.; Hou, X.-L,; Dai, L.-X. J. Am.
Chem. Soc. 2010, 132, 15493. (c) Jaisankar, P.; Tanaka, S.; Kitamura,
M. J. Org. Chem. 2011, 76, 1894.

(18) Achiral substrate such as p-toluenesulfonylcyclohexylamine also
gave the N,O-acetal product with high ee. For detailed information, see
the SL

(19) Hagiwara, H.; Takeuchi, F.; Kudou, M.; Hoshi, T.; Suzuki, T.;
Hashimoto, T.; Asakawa, Y. J. Org. Chem. 2006, 71, 4619.

(20) All other enol ethers produced from the Au(I)-catalyzed
cycloisomerization were converted into the corresponding piperidin-4-
ones in comparable yield. For detailed data, see the SI.

(21) The terminal alkyne derived from cyclohexyl N,O-acetal 6a and
6b (Table 1) showed poor conversion in the gold-catalyzed
cycloisomerization.

dx.doi.org/10.1021/ja2116298 | J. Am. Chem. Soc. 2012, 134, 4011-4014


mailto:yhrhee@postech.ac.kr

